Prolonged ventilator support, pulmonary infections and the need for tracheostomies after cardiac operations are associated with increased hospital mortality, length of stay, cost of hospitalization and reduced long term survival. The objective of this study is to review the literature and develop and present an understanding of the potential role of specific pre-operatively or intra-operatively collected inflammatory biomarkers and their role as predictors of pulmonary outcomes in cardiac surgery.
Introduction
Coronary artery bypass grafting (CABG) is the most common type of open heart surgery in the United States, with more than 175,000 individuals undergoing CABG in 2007 [1] . Most patients who undergo this surgery have one or more blockages in their coronary arteries as a result of atherosclerotic changes in the coronary circulation. CABG is performed to bypass these obstructions, which if left untreated would lead to ischemic heart disease and myocardial infarction. CABG was first used to revascularize patients with CAD in the 1960s and since has been used successfully on millions of patients worldwide providing sustained angina relief, increased exercise tolerance, less repeat revascularization and improved overall survival [2] .
The complexity of performing the procedure and the associated complications from CABG have drastically decreased in recent years and accordingly the overall mortality rate following this surgery has been reduced to approximately 3% [3] . Despite this overall morbidity and mortality reduction, the risk of postoperative pulmonary complications (PPCs) has remained stable [4] . Although the estimates regarding the incidence of postoperative pulmonary complications (PPCs) vary widely, the consensus among several recent studies indicates that approximately one in every four to five people undergoing CABG may be affected by PPCs [5] [6] [7] [8] . Atelectasis and pneumonia, are the leading causes of postoperative pulmonary complications [6, 9] , and, are believed to negatively impact the morbidity and mortality of the cardiac surgical patient.
A number of factors may contribute to the development of pulmonary complications following cardiac operations such as: diabetes mellitus, unstable angina, older age, female gender, moderate to severe renal insufficiency, a history of smoking, chronic obstructive pulmonary disease (COPD), and congestive heart failure (CHF) [9] [10] [11] . Multiple studies have shown that the use of the extra-corporeal circulation during cardiopulmonary bypass (CBP) contributes to systemic inflammatory reactions and may lead to unnecessary postoperative complications, including respiratory, neurologic, and cardiac dysfunction [12] . Despite the growing evidence that offpump coronary artery bypass (OPCABG) is shown to be associated with reduction of long term adverse outcome and various complications including PPC, patients undergoing on or off pump procedures still experience important postoperative complications [12] . Pro-inflam-
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In doing so, we first review the role of inflammation in CAD onset and describe the use of inflammatory biomarkers in predicting ischemic heart disease. We then describe advances in therapies that target cytokines and other pro-inflammatory mediators. We conclude this review by comparing on-and off-pump cardiac surgeries and how these techniques may influence PPCs in patients undergoing CABG.
Inflammatory Processes in Coronary Artery Disease
CAD affects 17.6 million American adults or nearly 8% of the United States population [1] . It remains the leading cause of death in the US, causing nearly one out of every six deaths in 2006 [1] . CAD has a slow and insidious onset that often remains asymptomatic for years. Atherosclerotic plaques form gradually over years, narrowing the coronary arteries to the point of partial or total occlusion. Additionally, atherosclerotic plaques may become unstable and rupture, resulting in an acute myocardial ischemia or infarction. Treating CAD may involve pharmacological intervention, percutaneous intervention or surgical revascularization. The ultimate goals being to reduce symptoms of ischemia and to prevent MI and death [13] . Understanding the underlying mechanisms of atherogenesis and its eventual manifestations as ischemic heart disease has important preventative, diagnostic, and therapeutic relevance in CAD.
In recent years, a general appreciation for the role of systemic inflammation in the onset and evolution of atherosclerosis has spurred research on CAD risk factors that induce inflammatory reactions [14] . These proinflammatory risk factors (e.g., hyperlipidemia, hypertension, diabetes, obesity and smoking among others) trigger atherogenesis by damaging the vascular endothelium that lines blood vessels leading to impairment of endothelial cell function and the beginning of the atherosclerosic process. As endothelial cells become dysfunctional, resulting in atherosclerotic plaque formation, thickening of arterial walls, and eventually destabilization of plaques resulting in ischemic heart disease [13] [14] [15] [16] .
The vascular endothelium maintains homeostasis by producing nitric oxide, prostacyclin, and endothelin, which regulate vascular tone, coagulation, vascular inflammation and cell migration [14] . Endothelial cell mediator nitric oxide (NO), a strong vasodilatory and antithrombotic agent produced by endothelial nitric oxide synthase (eNOS ) in response to shear stress, plays an important role in blood flow dynamics in blood vessels [16] . When the vascular endothelium becomes impaired, an imbalance in homeostasis occurs, causing NO and prostacyclin levels to decrease and levels of endothelin-1 and other factors like angiotensin II, and plasminogen activator inhibitor-1 (PAI-1) to increase. These imbalances lead to an overall vascular shift away from endothelium-dependent vasodilatation toward vasoconstriction, thrombosis and proliferation [13, 17] .
Hypercholesterolemia, a risk factor for progressive atherosclerosis [15] [16] [17] , creates a fertile environment for oxidizing low-density lipoprotein (LDL) that concentrate inflammatory mediators (e.g., cytokines and cell adhesion molecules) to initiate plaque formation. Chemokines promote monocyte and immune cell recruitment to the endothelium, and leukocyte adhesion molecules facilitate the subsequent attachment of monocytes to activated endothelial cells, positioning them for transendothelial migration into the intima [15] . Once in the subendothelial space, monocytes differentiate into macrophages which ingest oxidized LDL molecules to form foam cells. These cells form the core of atherosclerotic plaques which are composed of inflammatory infiltrates and deposited lipid molecule resulting in vessel narrowing [13, 14] . Plaques, characterized by extensive inflammation and a thin fibrous cap, are susceptible to ulceration, rupture, and thrombosis, which are the typical events underlying an acute coronary syndrome [18] .
Within the arterial wall, macrophages also stimulate inflammation through a number of different mechanisms. Notably, they release interleukin-6 (IL-6), which induces downstream C-reactive protein (CRP) production by the liver. CRP is an established inflammatory mediator in atherosclerosis. The presence of CRP in the circulation stimulates macrophages to phagocytize LDL, thereby enhancing foam cell generation and plaque formation. CRP, reported to upregulate adhesion molecules in arterial endothelial cells [19] , is associated with overall endothelial cell dysfunction [20] , and may contribute directly to the inflammation which results in plaque instability and subsequent rupture [21] .
Taken together, the inflammatory mechanisms implicated in CAD development may involve the proinflammatory cytokines, adhesion molecules, and other biomarkers of inflammation.
Markers of Inflammation
Inflammation, a major contributors to atherosclerosis and CAD pathogenesis, and markers of inflammation being potentially useful in predicting the course of CAD have led to the investigation of biomarkers as tools that could be used in diagnosing, prognosticating and managing CAD and many other conditions.
White Blood Cells
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Macrophage Colony Stimulating Factor (MCSF)
After an initial insult to the vascular endothelium (i.e., by increased LDL deposition), inflammatory mechanisms perpetuate atherosclerosis progression. For example, proinflammatory cytokines (e.g., macrophage colony stimulating factor (MCSF)) assist in activating macrophages, contributing to foam cell production and atherosclerotic plaque formation. Elevated levels of MCSF have been observed in both acute and chronic CAD, and high levels are associated with high risk of unstable angina, MI, and even death [25, 26] . MCSF also stimulates the secretion of additional cytokines (e.g., IL-1b, IL-6, and monocyte chemoattractant protein-1 (MCP-1)), which help regulate macrophage activation, plaque formation, and CRP expression [19, 27] . In addition to inducing cytokines production, MCSF also triggers the expression of monocyte chemoattractant protein-1 (MCP-1), which contributes to the processes of leukocyte adhesion and transendothelial migration, all of which play important roles in atherosclerosis and plaque formation.
IL-6
IL-6, which is produced and secreted by macrophages, endothelial cells and T lymphocytes, is measurably elevated in acute and chronic CAD [28] . IL-6 is also increased during muscle contraction and may play a role in insulin resistance [29] . It has been associated with autoimmune disorders, such as rheumatoid arthritis [30] , which is itself an independent risk factor for CAD [31] . IL-6 plays a number of important roles in the immune system, including upregulation of CRP [32] , but its role in predicting CAD onset and progression is still being evaluated. Intra-individual variation and short half life of IL-6 may limit the clinical utility of IL-6 measurement, and additional studies are needed to fully characterize its role as an inflammatory biomarker for CAD [29] .
C-Reactive Protein (CRP)
CRP is currently used as a biomarker for CAD. While studies suggest that CRP plays a critical role in atherogenesis and CAD, it is still not completely clear whether the elevation of serum CRP that is observed is a cause or a result of the disease process. In support of the causal hypothesis, CRP has been reported to affect endothelial cells by decreasing eNOS levels and increasing the levels of inducible NOS (iNOS) [22] . Regardless, serum CRP measurements are an important predictor of CAD progression and adverse cardiovascular events. In a recent study, the predictive utility of CRP for CAD was investigated in a cohort of 6400 men and women without a history of MI from the Reykjavik Study [33] . Individuals who had the highest one-third of CRP levels within the cohort were reported to have a odds ratio of 1.45 for developing CAD relative to the bottom third of individuals (i.e., those with the lowest CRP levels) [33] . Notably, CRP also has been shown to predict long term survival independent of hyperlipidemia status and LDL levels [34] . However, it still remains to be determined how to optimally incorporate CRP levels in predictive models with conventional CAD risk factors (e.g., gender, age, and smoking status).
In the acute phase of atherosclerosis, levels of circulating CRP can increase several-thousand fold from baseline, a level easily detectable with the conventional CRP assay. However, the newer high-sensitivity CRP test allows for detection of small increases in CRP, which would be indicative of chronic low-grade inflammation [29] . Although the role for CRP as an inflammatory marker for CAD development and progression is emerging, it is possible that reduction in CRP level could predict decreased incidence or severity of CAD, in which case monitoring changes in CRP levels due to medications and lifestyle changes may be important in CAD prevention.
Lipoprotein-Associated Phospholipase A2 (Lp-PLA2)
Lp-PLA 2 is an enzyme that is produced by hematopoietic cells which is carried on LDL and is found in atherosclerotic lesions. Elevated serum levels of Lp-PLA 2 appear to be proinflammatory and may induce plaque destabilization and rupture [35] . Furthermore, Lp-PLA 2 is involved in hydrolyzing oxidized LDL phospholipids, thereby stimulating production of bioactive lipid mediators, which also may have proinflammatory actions [36] . With these lipid mediators, Lp-PLA 2 may participate in a positive feedback loop [29] . The bioactive lipid mediators produced in the arterial tissue recruit more LDL and inflammatory cells to the sites of atherosclerotic lesions, thereby inducing further plaque formation and more Lp-PLA 2 expression resulting in a positive feedback loop [29] . Increased levels of Lp-PLA 2 have been linked to an increased risk of adverse cardiovascular events and coronary heart disease [37] . This association with cardiovascular events in individuals with CAD and is inde- 
Inflammation Contributes to CAD and CABG Pathogenesis
COPD
The World Health Organization defines COPD as an under-diagnosed, life-threatening lung disease characterized by chronic obstruction of lung airflow that interferes with normal breathing, which is not fully reversible [40] . It is now one of the leading causes of mortality and morbidity worldwide [40] , and is a major contributor to increased cost of healthcare, repeat hospitalization, decreased quality of life, decreased respiratory function, increased cardiovascular events and increased mortality [41] [42] [43] . COPD is a common comorbidity in patients with CAD, affecting 18.6% of individuals undergoing CABG [32] . Comorbid COPD has been reported to adversely affect patient outcomes following CABG [44] . Cohen and colleagues found that patients with COPD undergoing CABG had longer ICU stays, longer intubation periods, more frequent reintubations, more postoperative atrial and ventricular arrhythmias and associated complications, and had an overall longer duration of hospital stays and intensive care unit stays. Additionally, these patients have a high postoperative mortality rate with postoperative arryhtimias being a major cause [44] . Given the risk of developing complications after undergoing CABG in COPD patients, those who are candidates for CABG should not be in exacerbation prior to the procedure.
Inflammatory Processes in COPD and Other
Pulmonary-Related Diseases COPD pathogenesis is characterized by an abnormal inflammatory response of the lungs to noxious particles. Acute exacerbation of COPD may occur secondary to exposure to pollutants, irritants [45] or cold weather. As in other inflammatory diseases, cytokines play a key role in orchestrating chronic inflammation. More than 50 cytokines have been implicated in COPD pathogenesis and progression, but their precise roles in its complex pathophysiology are still unclear [46, 47] . The presence of systemic inflammation in patients with COPD has been suggested in several different studies [48] [49] [50] [51] . In these studies, evidence of systemic inflammation includes the following: activated circulating neutrophils and lymphocytes, increased plasma levels of mediators such as TNF-α and its receptors (IL-6, IL-8, endothelin-1, and CRP), and the expression of adhesion molecules and G proteins in circulating neutrophils. Such underlying inflammation may be particularly important given the recognized association between raised systemic inflammatory markers and increased cardiovascular mortality [52] , a common cause of death in patients with COPD [53] . Airway inflammatory markers levels are reported to increase with exacerbation of COPD [54] , and an elevation in these markers may occur irrespective of the etiology of the illness (i.e., whether it is due to a viral, bacterial, or other agents). Respiratory viruses are likely to be responsible for a high proportion of COPD exacerbations, with between 33% and 50% of COPD exacerbations being linked to upper respiratory tract infection (URI) symptoms [54, 55] . Rhinovirus (RV), a common culprit of URIs that may account for 60% of virus-induced asthmatic exacerbations [56] , is known to trigger COPD exacerbations [57] [58] [59] . Despite the association between exacerbations of COPD and infections, it is not clear that all exacerbations are related to respiratory tract infections [60, 61] .
Similar to the inflammatory processes that involve coronary artery wall epithelial cells in CAD, human airway epithelial cells (HAECs) also release a array of cytokines and chemokines which regulate the intensity of mucosal inflammation [62] . For example, in pulmonary infections with respiratory viruses, the airway epithelium produces proinflammatory cytokines, chemokines, adhesion molecules, and TNF-α [63] [64] [65] [66] [67] . These inflammatory mediators contribute to a mechanism that underlies the pathogenesis of exacerbations of asthma and COPD [68] by a number of mechanisms. They promote the release of other proinflammatory/chemotactic mediators, up-regulate adhesion molecules, which stimulate eosinophil and neutrophil migration, and induce airway smooth muscle to become hypercontractile [67] . In turn, lung macrophages, the most abundant cells in the airway lumen, are recruited and become activated. As a result, they secrete a wide range of antiviral, proinflammatory and immunomodulatory cytokines [69] .
IL-1b is an example of one such pro-inflammatory cytokine produced by HAECs that is thought to have an important role in the pathogenesis of asthma. IL-1b levels are increased in bronchoalveolar lavage fluid in asthma and these levels correlate with the activation of alveolar macrophages and T cells in addition to the severity of airway dysfunction [70] . IL-1b levels are increased in tracheobronchial epithelial cells in asthmatic as compared to normal subjects [71] . IL-8, another chemokine found in the nasal secretions and sputum of patients with RV-induced asthma exacerbations is believed to have a role in the pathogenesis of asthma and COPD exacerbations [59, 72, 73] . IL-8 levels are correlated with numbers of neutrophils present in pulmonary secretions [59, 72, 73] . Furthermore, during exacerbation of COPD, increased sputum levels of factors including IL-6, IL-8, and TNF-α, are suggestive of an inflammatory burst [54, 74, 75] . Acute inflammatory response during acute COPD exacerbation leads to a significantly elevated levels of TNF-α and IL-8 in the sputum of COPD patients compared with when they were clinically stable (p = 0.01 and p = 0.05, respectively). Such markers were noted to be elevated in patients with confirmed viral and bacterial infections. Concentrations of these cytokines declined significantly 1 month after the exacerbation [74] .
Elevated inflammatory markers have also been detected in exhaled breath condensate of patients with COPD [76] . The increased levels of inflammatory cells, cytokines and/or chemokines in the lungs as well as their elevated levels in the plasma/serum of patients with COPD have led to the strong suggestion that the local inflammatory response is detectable in the systemic circulation [74, [77] [78] [79] . Even patients with stable COPD may express inflammatory biomarkers. Some studies suggest that these biomarkers may be found in lower levels than those patients experiencing acute COPD exacerbations [80] . However, inter-and intra-patient variability in the relative levels of the biomarkers have been reported [81] and additional studies are needed to fully characterize the differences in biomarkers during stable COPD and COPD exacerbations.
Targeting Cytokines to Treat Inflammatory Conditions
In other chronic inflammatory diseases, such as rheumatoid arthritis (RA) and inflammatory bowel disease (IBD), blocking individual cytokines has been highly effective. For example, blocking TNF-α is effective in over 50% of patients with RA, and blocking IL-6 or IL-1 receptors in patients who do not respond to anti-TNF-α therapies may be an effective second line strategy [82] . Studies targeting specific cytokines in COPD with blocking antibodies have not been highly successful to date, however ongoing studies with newer agents currently are being investigated.
Canakinumab is a novel IL-1b antibody that is currently being evaluated for its utility in COPD. In addition, the IL-6 receptor antibody tocilizumab which has been used in studies of RA and IBD may be considered in COPD. Furthermore, studies of apilimod, a small molecule inhibitor of IL-12/IL-23 p40 receptors, are ongoing in several autoimmune diseases including IBD, and potentially COPD [83] .
Inflammation, CAD, Pulmonary Function, and the Cardiac Surgical Patient
Given the role of inflammation in CAD and pulmonary diseases like COPD, it is important to recognize the potential effects of pulmonary comorbidities on cardiac surgical outcome. Importantly, CABG itself elicits inflammatory responses, which may further exacerbate PPCs, particularly in patients with CAD and COPD. For decades, on-pump CABG has successfully treated CAD, and increased overall survival in some patients [3, 84] . Performing on-pump CABG is known to stimulate perioperative proinflammatory mediators [85, 86] , which may contribute to the development of PPCs as well as other complications including neurologic dysfunction [87, 88] , renal dysfunction [89] , and infections [90] . Reasons for this CABG-induced proinflammatory state may be related to the exposure to the extracorporal circuits with all the associated tubing and foreign material [85, 86] . The exposure of a patient's blood to surfaces outside the body may partially account for this inflammatory reaction [86] . In addition, CPB may cause atelectasis, which in turn, may cause macrophage activation and cytokine production [91, 92] . As described throughout this review, cytokines, in turn, serve as inflammatory mediator by recruiting neutrophils to the lungs and further provoking the inflammatory response.
Comment
There are a number of causes that contribute to pulmonary dysfunction, and it is difficult to predict the degrees of PPCs that patients will experience after undergoing cardiac procedures. Namely, each of the following have been implicated in PPCs following cardiac surgery: 1) Compromised capillary endothelial integrity leading to leaky membranes and increased total lung water content and secondary pulmonary edema; 2) Altered pulmonary circulation vascular tone due to anesthetic agents, vasoactive agents used to support the cardiovascular function; 3) Factors which contribute to atelectasis such as cerebral and musculoskeletal effects leading to reduced mechanics of breathing; 4) Pain due to operative incisions and temporarily retained instrumentations i.e. chest tubes, and pain management i.e. use of narcotics, contribute to reduced ventilator drive and pulmonary function; and finally; 5) Other factors such as pre-operative de-conditioning, obesity, phrenic nerve paresis or rare nerve injury may contribute to the post operative pulmonary dysfunction [93] .
Individuals who do suffer from pulmonary dysfunction due to causes mentioned above will require higher oxygen concentrations in order to maintain appropriate oxygen tension in their arteries. To avoid these complications and prevent surgical-related morbidity, every effort should be made preoperatively to identify patients at risk of developing PPCs. Individuals with restrictive pulmonary disease due to pulmonary venous congestion, large pleural effusions, and cardiomegaly causing lung com-pression and reduced pulmonary compliance may be at particularly high risk of developing PPCs. Restrictive lung disease as found in patients with interstitial lung disease, pulmonary fibrosis, sarcoidosis, pneumoconiosis, and collagen vascular diseases are also at risk of developing PPC after surgery [94, 95] . Therefore, these individuals should be carefully evaluated prior to undergoing invasive procedures. Pre-operative identification of patients who are at risk of developing PPCs or other surgical-related complications is a necessary and important step in patient management. It is possible that in the future, inflammatory biomarkers could be used to identify patients at high risk of pulmonary complication prior to surgery, or possibly those at increased risk in the immediate post-op period. Such data would help to guide appropriate pre-operative measures to improve pulmonary function by using appropriate anti-biotic therapy if indicated, or by using pre-operative pulmonary bronchodilators, pulmonary exercises, cessation of smoking, preoperative incentive spirometry, deep-breathing exercises, and chest physiotherapy. Such pre-operative strategies often enable patients with obstructive pulmonary disease to undergo safe cardiac surgery [95] , which would clearly benefit patients and improve overall surgical outcomes.
